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The mab-21 gene was first identified because of its requirement for ray identity specification in Caenorhabditis elegans. It is now known
to constitute a family of genes that are highly conserved from vertebrates to invertebrates, and two homologues Mab21l1 and Mab21l2 have
been identified in many species. Here we describe the generation of Mab21l2-deficient mice, which have defects in eye and body wall
formation. The mutant mouse eye has a rudimentary retina, as a result of insufficient invagination of the optic vesicle due to deficient
proliferation, causing the absence of lens. The defects in optic vesicle development correlate with reduced expression of Chx10, which is also
required for retina development; Rx, Lhx2, and Pax6 expression is not significantly affected. We conclude that Mab21l2 expression is
essential for optic vesicle growth and formation of the optic cup, its absence causing reduced expression of Chx10. Mutant mice also display
abnormal extrusion of abdominal organs, defects in ventral body wall formation, resulting in death in utero at mid-gestational stage. Our
results reveal that Mab21l2 plays crucial roles in retina and in ventral body wall formation.
D 2004 Elsevier Inc. All rights reserved.
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The mab-21 gene was originally identified as a cell fate
determinant in Caenorhabditis elegans (Baird et al., 1991).
Hypomorphic alleles in mab-21 mutants prevent develop-
ment of the male tail, which includes a set of nine
bilaterally symmetrical pairs of sense organs known as
rays; the identity of ray 4 is transformed to ray 6, resulting
in ray fusion (Chow et al., 1995). Other phenotypes of0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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antkhs@mail.ecc.u-tokyo.ac.jp (N. Takahashi).mab-21 mutants, namely their shorter and fatter bodies and
uncoordinated movement, imply that MAB-21 plays a role
in development of the hypodermis and the nervous system
(Chow et al., 1995). The null allele of mab-21 is lethal
before hatching, and mosaic analysis has shown that MAB-
21 functions both cell autonomously and nonautonomously
regarding the choice of specific cell fate (Chow et al.,
1995). However, the molecular mechanisms of MAB-21
remain unclear.
Several studies have shown that mab-21 is highly
conserved in diverse animal species, from vertebrates to
invertebrates (Mariani et al., 1999; Wong and Chow, 2002).
The first murine orthologue of mab-21 was cloned from an
embryonic mouse brain cDNA library during a search for
novel genes (Mariani et al., 1998), and the human orthologue
of mab-21 has been isolated from a retinal cDNA library
(Margolis et al., 1996). One mab-21 gene is present in the274 (2004) 295–307
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briggsae, whereas two mab-21 orthologues designated
Mab21l1 and Mab21l2 are known in Drosophila, zebrafish,
Xenopus, chicken, mouse, and human (Ho et al., 2001; Lau
et al., 2001; Mariani et al., 1998, 1999; Wong et al., 1999;
Wong and Chow, 2002). All known vertebrate MAB-21
family proteins have more than 90% amino acid sequence
similarity (Ho et al., 2001). However, MAB-21 proteins lack
a known motif and their molecular functions are unclear.
Several studies in vertebrates have shown that Mab21l1 and
Mab21l2 transcripts partially overlap in developing eye,
midbrain, branchial arches, and limb buds, although in the
mouse Mab21l1 is uniquely expressed in the lens and
genital tubercle while Mab21l2 is found in the body wall
and umbilical cord (Mariani et al., 1998, 1999; Wong and
Chow, 2002; Wong et al., 1999; Yamada et al., 2003).
Functions of vertebrate Mab21l2 have been addressed in
zebrafish and Xenopus. Mab21l2 expression is impaired in
zebrafish Acerebel1ar (ace) and no isthmus (noi) mutants,
and appears to be involved in development of the midbrain–
hindbrain boundary region (Kudoh and Dawid, 2001). In
Xenopus, RNA interference experiments have shown that
depletion of Xmab21l2 results in failure of gastrulation and
neurulation, as well as notochordal and eye defects (Lau et al.,
2001). These observations suggest that MAB-21 family
proteins are essential in vertebrates as well as in C. elegans.
We have shown that Mab21l1/ mutant mice have
defects in eye and preputial gland development (Yamada
et al., 2003). Mab21l1/ mice possess rudimentary lens
resulting from insufficient invagination of the lens placode
caused by failure of cell proliferation. Moreover, chimera
analysis revealed that MAB21L1 acts cell-autonomously in
the lens. Interestingly, defects in Mab21l1/ mice are
restricted to the eye and preputial gland, although transcripts
are found in the midbrain, branchial arch, spinal cord, and
limb buds. It is likely that the absence of MAB21L1 is
compensated for by the closely related gene product
MAB21L2, which exhibits very similar expression during
development except in the developing lens and the primor-
dium of the reproductive organs. We considered it likely that
MAB21L1 and MAB21lL2 perform redundant functions at
sites of co-expression during development. Although some
functions of MAB21L1 protein have already been inves-
tigated, the precise role of MAB21L2 protein remains to be
elucidated to gain a deeper understanding of MAB-21
families in vertebrates. For this purpose, we generated
Mab21l2-deficient mice and revealed essential roles for this
gene in retina and in ventral body wall formation.Materials and methods
Mab21l2 targeting vector
We isolated a Mab21l2 genomic clone from a 129
mouse genomic library. The targeting vector consists of a5.6-kilobase (kb) 5V homologous region (BamHI–BamHI
fragment) and a 2.8-kb 3V homologous region (SphI–SphI
fragment) as shown in Fig. 1A. The coding region was
replaced with a Neor gene cassette from the pMC1neo
PolyA vector (Stratagene). For negative selection, a MC1-
DTA (diphtheria toxin A) cassette (Palmiter et al., 1987;
Thomas and Capecchi, 1987) was placed at the end of the
3Vhomology region.
Targeting of ES cells and generation of Mab21l2/
mutant
The linearized targeting vector (30 Ag) was electro-
porated into ES cells. Genomic DNA from the 400 G418-
resistant clones was digested with SacI or BamHI, and
Southern analysis using 5V and 3V probes. Eight homolo-
gous recombinants were obtained, and cells from two of
these clones were subjected to morula aggregation to
generate chimeric mice as described earlier (Nagy et al.,
1993). Chimeric males were mated with C57BL/6 females,
and transmission of the targeted allele was confirmed by
Southern analysis of DNA extracted from tail tip of
progeny. Heterozygous mice were interbred to produce
homozygous mutants. Two lines exhibited the same mutant
phenotype. Genotypes of offspring and embryos were
determined either by Southern analysis using a 5Vprobe or
by PCR using the specific primers m2F:5V-GACCAC-
CAAAGACTAAGAAC-3V, m2R:5V-CGTAGGAGAGCTT-
GACTTGC-3V, and neoR:5V-GCATCTGCGTGTTCGAAQ
TTC-3V. The PCR conditions were as follows: 35 cycles
at 948C for 1 min, 558C for 1 min, and 728C for 1 min.
The predicted sizes of the PCR fragments were 140- and
280-basepair for the wild type and targeted alleles,
respectively. The phenotypes of Mab21l2/ with a
129 background were identical to Mab21l2/ with a
B6x129 hybrid background. The results described here
were obtained by analyzing mutant mice with a B6x129
hybrid genetic background.
In situ hybridization
Whole-mount in situ hybridization was performed as
described (Nieto et al., 1996) at 658C in 50% formamide
containing 5 SSC. Paraffin and frozen sections were
hybridized in situ at 658C in 50% formamide, 20 mM
Tris–HCl(PH8.0), 300 mM NaCl, 0.2% Sarkosyl, 1
Denhart’s solution, 10% dextran sulfate, and 0.5 mg/ml
Yeast tRNA. The Mab21l1 and Mab21l2 probes were
derived from cDNA fragments including the full-length
coding region. The Foxe3, Rx, Bmp4, Bmp7, Chx10, aA-
crystallin, gA-crystallin, Pax2, Pax6, and Lhx2 probes
have been described (Blixt et al., 2000; Furukawa et al.,
1997; Furuta et al., 1997; Liu et al., 1994; Nornes et al.,
1990; van Leen et al., 1987; Walther and Gruss, 1991; Xu
et al., 1993). All were labeled with digoxigenin using
standard procedures.
Fig. 1. Generation of theMab21l2 null allele. (A) Maps of theMab21l2 locus, the targeting vector used for mutagenesis, and theMab21l2 targeted allele. Open
boxes represent the Mab21l2 coding region, the neo cassette, and the DTA cassette. Solid bars represent DNA fragments used as 5Vand 3Vprobes for Southern
blots, and the sizes of restriction fragments detected are shown with lines below the maps. B, BamHI; Sac, SacI; Sph, SphI. (B) Southern blots of tail DNA
from progeny of heterozygous mice after SacI and BamHI digestion. Blots were probed with the 5Vprobe, a 1.8-kb SacI–BamHI fragment, or the 3Vprobe, a
0.8-kb SphI–BamHI fragment. The endogenous SacI fragment hybridizing with the 5Vprobe is 10.5 kb in length. Insertion of the neo cassette eliminates a SacI
site increase in this SacI fragment to 13.5 kb. The endogenous BamHI fragment hybridizing with the 3Vprobes is 4.8 kb in length, and insertion of the neo
cassette containing BamHI sites reduces the targeted BamHI fragment to 3.6 kb. (C) Whole-mount in situ hybridization ofMab21l2 in E10.5 heterozygous and
homozygous embryos. Mab21l2 expression seen in the heterozygous embryo (Left) is absent in the homozygote (Right).
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Embryos were dissected in phosphate-buffered saline
(PBS) and fixed in 4% paraformaldehyde in PBS overnight
at 48C. The fixed embryos were dehydrated through a
graded alcohol series and embedded in paraffin, sectioned at
8 Am, and stained with hematoxylin and eosin.Immunohistochemistry
Paraffin and frozen sections were microwave irradiated
for 5 min in 10 mM citrate buffer (pH 6.0), incubated in 3%
H2O2 for 10 min, and then incubated with primary
antibodies overnight at 48C. The anti-PAX6 antibody was
diluted to 1:1000 (Inoue et al., 2000). Antigen–antibody
R. Yamada et al. / Developmental Biology 274 (2004) 295–307298complexes were detected by incubation with HRP-conju-
gated goat anti-rabbit IgG (MBL), diluted 1:100, for 1 h at
378C, followed by visualization with diaminobenzidine
hydrochloride (DAB).
Frozen sections were prepared as follows. Embryos fixed
in 4% paraformaldehyde in PBS overnight at 48C were
rinsed in PBS for 10 min and then cryoprotected in a
sequential series of 10%, 20%, and 30% sucrose in PBS.
The embryos were oriented in OCT compound (Tissue-Tek)
and rapidly frozen in liquid nitrogen. Sections cut at 14 Am
were mounted on MAS-coated glass slides (Matsunami).
Detection of proliferating or apoptotic cells
Pregnant mice were injected intraperitoneally with 3 mg
Bromodeoxyuridine (BrdU). Embryos were sacrificed 2 h
later and fixed in 4% paraformaldehyde in PBS overnight at
48C. Sections (6 Am) of embryos embedded in paraffin were
microwaved for antigen retrieval as described above and
then stained with anti-BrdU antibody using a BrdU Labeling
and Detection Kit II (Alkaline phosphatase, Roche).
Quantitation was performed using five sections from three
embryos of each genotype. TdT-mediated dUTP nick end
labeling (TUNEL) analysis was also performed using an In
Situ Cell Death Detection Kit (HRP, Roche).Results
Generation of the Mab21l2 mutant
A targeting vector that permitted positive–negative
selection was used to introduce a null mutation into the
Mab21l2 locus as shown in Fig. 1A. The targeted allele was
detected in the progeny of heterozygous mice by Southern
blotting using 5V and 3V external probes (Fig. 1B). The
heterozygous mice were apparently normal and were
interbred to produce homozygous mutants. The resulting
progeny was classified according to genotype at 3 weeks of
age. Frequencies of homozygous, heterozygous, and wild-
type progeny were 0%, 61%, and 39%, respectively,
implying that the mutation affects survival (Table 1).Table 1
Genotypes of Mab21l2 heterozygous intercrosses
Litter age Total no. +/+ +/ / No. (%) /
found deada
E9.5 114 31 56 27 0 (0)
E10.5 234 62 114 58 0 (0)
E11.5 240 54 128 58 8 (13)
E12.5 129 31 72 26 17 (65)
E13.5 46 14 18 14 9 (64)
E14.5 17 5 8 4 4 (100)
E15.5 37 12 23 2 2 (100)
Adult 119 47 72 0 0
a Embryos were assessed as dead if an obvious heartbeat was absent or if
signs of reabsorption were present.To determine the times of death in homozygotes,
genotypes of embryos at E9.5–E15.5 derived from the
heterozygous intercrosses were determined (Table 1).
Necrotic homozygous mutant embryos were found as early
as E11.5; however, live homozygous mutant embryos could
still be observed as late as E13.5. By E14.5, no viable
homozygous mutant embryos were observed. These results
indicate that the Mab21l2 mutation is lethal by E14.5 in
development.
Eye and body wall defects in Mab21l2 mutant
At E9.0, we could not see significant differences between
Mab21l2+/ and Mab21l2/ embryos. At E10.5, visual
inspection revealed obvious eye defects in all Mab21l2/
embryos. The retinal pigmented epithelium was not formed
in Mab21l2/ embryos (data not shown). At E11.5,
retinal pigmented epithelium was still absent (Fig. 2B), and
ventral body wall thickness was markedly reduced com-
pared with that in Mab21l2+/ (data not shown). At E12.5,
the ventral body wall covers the abdominal organs in
Mab21l2+/ embryos (Fig. 2C). In contrast, Mab21l2/
embryos displayed severe ventral body wall defects, leading
to an abnormal position of the heart and extrusion of the
abdominal organs (Fig. 2D). Histological analysis con-
firmed the defects in ventral body wall development. The
earliest morphological changes in Mab21l2/ were seen
at E10.5, when cell numbers in the ventral body wall were
significantly reduced compared with Mab21l2+/ embryos
(data not shown). At E11.5, the thickness of the ventral
body wall was drastically reduced in Mab21l2/ embryos
(Fig. 2EV), and an umbilical hernia contained part of the liver
(Fig. 2FV). In normal development, Mab21l2 is abundantly
expressed in the ventral body wall, whereas Mab21l1
expression is hardly detected (Figs. 2G–HV). Although
Mab21l2 is normally expressed in various organs, such as
the midbrain, spinal cord, branchial arches, and limb bud,
we could not see whether any morphological changes
occurred in these Mab21l2/ embryos (data not shown),
because most of the Mab21l2/ embryos died by E12.5.
Furthermore, in situ hybridization for Dlx1, Dlx2, Dlx3,
Dlx5, Bmp4, Msx1, Msx2, Alx3, Alx4, and Cart1 tran-
scripts, the expression of each of which is partially
overlapping with Mab21l2 expression in developing bran-
chial arches (Depew et al., 2002; Furuta et al., 1997;
Hudson et al., 1998; Qu et al., 1999; Takahashi and Le
Douarin, 1990; ten Berge et al., 1998), did not demonstrate
any significant alteration in Mab21l2/ and Mab21l2+/
embryos (data not shown).
Mab21l2 is required for normal eye development
To determine the time of onset of eye defects in
Mab21l2/ embryos, we performed histological analysis.
No differences were seen between Mab21l2+/ and
Mab21l2/ embryos at E9.0; the earliest visible morpho-
Fig. 2. Gross morphological and histological analysis of Mab21l2 mutant embryos. E11.5 heterozygous (A) and homozygous (B) embryos, the latter lacking
eyes. Abdominal region of E12.5 heterozygous (C) and homozygous (D) embryos, the latter displaying abnormal heart position and extrusion of abdominal
organs. (E, EV, F, and FV) HE-stained horizontal sections of E11.5 embryos. Shown are the thoracic region of heterozygous (E) and homozygous (EV) embryos,
and the lumbar region of heterozygous (F) and homozygous (FV) embryos. The ventral body wall is drastically thin in Mab21l1/ embryos (EV) compared
with Mab21l2+/. Abnormal extrusion of the liver is observed in Mab21l2/ embryos (FV). (G, GV, H, and HV) Expression of wild-type Mab21l2 and
Mab21l1 transcripts during body wall development. In situ hybridization of E9.5 coronal sections (G and GV) and E11.5 horizontal sections (H and HV).
Mab21l2 is abundantly expressed in the ventral body wall (G and H), while Mab21l1 is barely detected (GVand HV). Abbreviations: bw, ventral body wall; h,
heart; l, liver; um, umbilical cord. Scale bars: 100 Am for E, EV, G, and GV; 200 Am for F, FV, H, and HV.
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when the optic vesicle in the area in contact with the
surface ectoderm was narrower than in the Mab21l2+/
embryo (Figs. 3A and B). At E10.5, the optic vesicle failed
to contact with the surface ectoderm, leading to the lack of
a lens in the Mab21l2/ eye, whereas the optic cup and
lens vesicle formed normally in the Mab21l2+/ eye (Figs.
3C and D). At E11.5, the lens was absent and malformation
of the rudiment retina was found in the Mab21l2/
prospective eye area (Figs. 3E and F). These results
indicate that Mab21l2 has an important role in eye
formation.Mab21l1 and Mab21l2 expression during eye development
The neural retina defects in Mab21l2 null mutants
prompted us to re-examine the expression of this gene in
comparison with the closely related Mab21l1, because both
are expressed in the eye anlage during development
(Mariani et al., 1998, 1999; Wong et al., 1999; Yamada
et al., 2003). At around the 15-somite stage (E8.5–E9.0),
Mab21l2 expression was restricted to the dorsal portion of
the optic vesicle (Fig. 4A). At this stage, Mab21l1
expression was detected in the surface ectoderm but only
weakly in the optic vesicles (Fig. 4B). At the 22-somite
Fig. 3. Histological and morphological analysis of eye development in Mab21l2-deficient mice. HE-stained coronal sections of E9.5 (A and B), E10.5 (C and
D), E11.5 (E and F) embryos. At E9.5,Mab21l2/ optic vesicle in the area in contact with the surface ectoderm is narrower than inMab21l2+/ embryos (A
and B). At E10.5, the optic vesicle fails to contact the surface ectoderm, and the lack of a lens vesicle is evident in the Mab21l2/ embryo (D). At E11.5, the
lens is absent and malformation of the rudimentary retina is evident in the prospective eye area in Mab21l2/ embryos (F). Abbreviations: ov, optic vesicle;
se, surface ectoderm; oc, optic cup; lv, lens vesicle; le, lens; nr, neural retina. Scale bars: 100 Am.
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in the dorsal optic vesicle and only to a much lesser extent
in the surface ectoderm (Fig. 4C). In contrast, Mab21l1
expression was more abundant in the surface ectoderm and
the optic vesicle (Fig. 4D). At E12, Mab21l2 and Mab21l1
were co-expressed in the neural retina and retinal pigmented
epithelium but singly expressed in the optic nerve and lens
epithelium, respectively (data not shown and Yamada et al.,
2003).
Essential role for Mab21l2 in optic vesicle growth
The presence of a rudimentary retina in the MabQ
21l2/ embryo could be due to impaired outgrowth of
the retina anlage. We therefore examined the prolifera-
tion of retinal progenitor cells in Mab21l2+/ and MabQ
21l2/ embryos using BrdU incorporation at E9.5. The
number of BrdU-labeled cells was reduced in the
Mab21l2/ dorsal side of optic vesicle, despite only aslight difference in histological appearance (Figs. 5A and
B). BrdU incorporation in other regions was not affected
in Mab21l2/ embryos. The percentage of BrdU-
positive cells within defined areas (Figs. 5A and B, open
boxes) in the optic vesicle anlagen was significantly
different in Mab21l2+/ and Mab21l2/ embryos (Fig.
5E). We also examined the frequency of apoptotic cells
using the TUNEL assay. We did not see significant
differences at any stage examined (data not shown).
These results suggest that Mab21l2 is required for cell
proliferation in the dorsal side of the optic vesicle.
The cell proliferation defect in Mab21l2/ optic
vesicle prompted us to examine cell proliferation in the
ventral body wall. BrdU incorporation was significantly
reduced in the ventral body wall at E11.5 (Figs. 5C, D, and
F), while apoptosis was not increased (data not shown),
suggesting that the abnormally thin body wall could be
caused by a failure of cell proliferation, as in the optic
vesicle defect.
Fig. 4. Expression of Mab21l2 and Mab21l1 transcripts during optic vesicle development. In situ hybridization of coronal frozen sections at 15 (A and B) and
22 (C and D) somite stage for Mab21l2 (A and C) and Mab21l1 (B and D). Abbreviations: ov, optic vesicle; se, surface ectoderm. Scale bars: 100 Am.
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vesicle
To gain insights into the molecular basis for retina
defects in Mab21l2/ embryos, we investigated the
expression of Rx, Lhx2, Bmp4, Bmp7, Pax2, Pax6, and
Chx10, known to be involved in retina development (Chow
and Lang, 2001). Rx , also called Rax , encoding a
homeodomain-containing transcription factor, is expressed
in the optic vesicle and is essential for optic vesicle
development (Furukawa et al., 1997; Zhang et al., 2000).
Rx knock-out mouse embryos totally lack the optic vesicle
(Mathers et al., 1997). Lhx2, encoding a LIM homeodo-
main-containing transcription factor, is expressed in the
optic vesicle and is essential for normal retina development.
In Lhx2/ mutant mice, the optic vesicle is formed but
optic cup and lens formation fail to occur (Porter et al.,
1997). Bmp4 and Bmp7, members of the TGF-h super-
family of secretory signaling molecules, are expressed in
the developing eye (Furuta et al., 1997). Expression of
Bmp4 is restricted to the dorsal tip of the optic vesicle
during lens placode formation (Furuta and Hogan, 1998).
Bmp7 is required for normal eye development (Luo et al.,
1995). Pax2 and Pax6, encoding homeodomain-containing
transcription factors, are also essential for normal eye
development (Ashery-Padan and Gruss, 2001; Baumer
et al., 2002; Torres et al., 1996). Pax2 is expressed in the
ventral half of the optic vesicle (Nornes et al., 1990). Pax6-
deficient mice fail to form the optic cup, while the optic
vesicle contacts the surface ectoderm (Grindley et al., 1995;
Hill et al., 1991). Chx10, encoding a homeodomain-
containing transcription factor, is expressed in the neuralretina (Liu et al., 1994). In Chx10 mutant mice, the
proliferation of retinal progenitor cells is reduced (Bur-
meister et al., 1996).
We compared the expression of these genes in
Mab21l2+/ and Mab21l2/ embryos at E9.5. At E9.5,
expression of Rx, Lhx2, Bmp4, Bmp7, Pax2, and Pax6 in
the Mab21l2/ optic vesicle did not differ from that in
Mab21l2+/ embryos (Figs. 6A–F and data not shown). At
this stage, expression of Chx10 appeared first in the
Mab21l2+/ optic vesicle (Fig. 6G). In Mab21l2/
embryos, expression of Chx10 was dramatically reduced
in the optic vesicle (Fig. 6H). At 35- and 40-somite stages
(E10–E10.5), the presumptive optic vesicle failed to
undergo sufficient invagination in Mab21l2/ embryos
(Figs. 7B and D). Chx10 expression occurred in the
Mab21l2/ optic vesicle, although its spatial expression
was restricted in comparison with Mab21l2+/ and its
expression level was significantly lower (Figs. 7A–D). At
E11.5, in the Mab21l2+/ embryo, Chx10 transcripts were
abundant in the neural retina, whereas no signals were
detected in the Mab21l2/ embryo (Figs. 7E and F). In
contrast, the levels of Rx, Lhx2, and Pax2 expression in the
Mab21l2/ optic vesicle were similar to those in the
Mab21l2+/ developing optic cup (data not shown). These
results suggest that Mab21l2 function is required for proper
maintenance of Chx10 expression.
Defects in eye development in Mab21l2/ embryos
were further investigated using molecular markers
expressed in the developing retinal pigmented epithelium,
optic stalk, and lens. Expression of Pax2 is restricted to the
optic stalk and ventral neural retina in the Mab21l2+/
embryo (Fig. 7G) (Nornes et al., 1990). In the Mab21l2/
Fig. 5. Analysis of cell proliferation in Mab21l2+/ and Mab21l2/ optic vesicle and ventral body wall. Immunohistochemical detection of BrdU
incorporation in Mab21l2+/ and Mab21l2/ embryos at E9.5 coronal sections (A and B) and E11.5 horizontal sections (C and D). Open boxes indicate
counted area for statistical analysis. Histograms showing the percentage of BrdU-positive cells in Mab21l2+/ and Mab21l2/ optic vesicle (E) and ventral
body wall (F). The proportions of BrdU-positive cells are reduced in the Mab21l2/ mutants (t test; P b 0.0001). Bars represent standard errors.
Abbreviations: ov, optic vesicle; h, heart; bw, ventral body wall; se, surface ectoderm. Scale bars: 50 Am for A and B; 100 Am for C and D.
R. Yamada et al. / Developmental Biology 274 (2004) 295–307302embryo, expression appeared to be lower but was still
detectable (Fig. 7H). Trp2, encoding a tyrosinase protein, is
specifically expressed in the Mab21l2+/ retinal pigmented
epithelium (Fig. 7I) (Steel et al., 1992). In Mab21l2/
embryos, expression of Trp2 was dramatically reduced but
remained weakly detectable in the rudimentary retinal
pigmented epithelium-like structure (Fig. 7J). Thus, it is
likely that optic stalk and retinal pigmented epithelium
differentiation can occur in Mab21l2/ embryos,
although optic stalk and retinal pigmented epithelium are
indistinguishable by histological analysis in the Pax2-
positive domain and Trp2-positive domain. In situ hybrid-
izations for aA-crystallin, gA-crystallin, and Foxe3
transcripts, known to be expressed in the developing lens
(Blixt et al., 2000; Goring et al., 1992; van Leen et al.,
1987), were negative at all stages examined (data not
shown).Discussion
In the present study, histological analyses of the
rudimentary developing eye in Mab21l2/ embryos
revealed that proliferation-dependent invagination of the
optic vesicle is primarily affected. BrdU incorporation
analyses suggest that defective retina development is most
likely due to defects in optic vesicle cell proliferation rather
than apoptotic cell death. The defects in optic vesicle
development correlate with reduced expression of Chx10,
while Rx, Lhx2, Pax2, Pax6, Bmp4, and Bmp7 expression
was not significantly affected. We conclude that Mab21l2
expression is essential for optic vesicle growth through
regulation of Chx10 expression.
As well as defects in the developing retina, the
Mab21l2/ mutants exhibit histological abnormality in
the ventral body wall, resulting in extrusion of abdominal
Fig. 6. Expression of Lhx2, Bmp4, Pax2, and Chx10 in Mab21l2+/ and Mab21l2/ embryos. In situ hybridization of Mab21l1+/ (A, C, E, AND G) and
Mab21l1/ (B, D, F, AND H) at E9.5 frozen sections. Expression of Lhx2 (A and B), Bmp4 (C and D), Pax2 (E and F), and Chx10 (G and H). Expression of
Chx10 is reduced in Mab21l2/ optic vesicle (H, arrow), while expression of Lhx2, Bmp4, and Pax2 is maintained (A–F). Scale bars: 100 Am.
R. Yamada et al. / Developmental Biology 274 (2004) 295–307 303organs. Death of Mab21l2/ embryos in the mid-gesta-
tional stage could be caused by the abnormal extrusion of
abdominal organs.
Role of Mab21l2 in retina formation
Expression of several genes is restricted expression
patterns along the dorsoventral axis of the optic vesicle.
Bmp4 is restricted to the dorsal tip, whereas Pax2 is
expressed in the ventral half of the optic vesicle (Furuta and
Hogan, 1998; Nornes et al., 1990). Expression of Mab21l2
and these genes overlaps in the developing optic vesicle. In
Mab21l2/ mutants, expression of Bmp4 and Pax2 wasnot significantly affected at early stages of optic vesicle
formation, suggesting that specification of the optic vesicle
can occur in Mab21l2/ mutants. In contrast, we showed
that expression of Chx10 is significantly reduced in
Mab21l2/ embryos. At early stages of optic vesicle
development, Chx10 expression is not completely lost in
Mab21l2/, suggesting an indirect or perhaps partial role
for Mab21l2 in mediating Chx10 expression. However, the
absence of Chx10 expression in rudimentary Mab21l2/
retinas by E11.5 indicates that Mab21l2 is directly or
indirectly required to sustain subsequent Chx10 expression
in the retina. Chx10 function is essential for the retina by
regulating proliferation of retinal progenitor cells, as
Fig. 7. Expression of Chx10, Pax2, and Trp2 in Mab21l2+/ and Mab21l2/ embryos. In situ hybridization of paraffin sections at 35 (A and B)- and 40
(C and D)-somite stages, E11.5 (E and F), and E12 (G–J). (A–F) Expression of Chx10 in Mab21l2+/ and Mab21l2/ embryos; (G and H) Pax2 in
Mab2121+/ and Mab21l2/ embryos; (I and J) Trp2 in Mab21l2+/ and Mab21l2/ embryos. Expression of Chx10 is reduced in Mab21l2/
presumptive optic cup (B and D, arrowheads). Arrows indicate Pax2 and Trp2 distribution in Mab21l2/ embryos. Abbreviations: os, optic stalk; pe, retinal
pigmented epithelium. Scale bars: 100 Am for A–D; 200 Am for E–J.
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microphthalmia (Burmeister et al., 1996; Ferda Percin et al.,
2000). A recent report suggests a link between Chx10 andboth positive and negative regulators of the cell cycle.
P27Kip1, a negative cell cycle regulator, is abnormally
present in retinal progenitor cells in Chx10-null mutants.
R. Yamada et al. / Developmental Biology 274 (2004) 295–307 305Chx10 is required for normal CyclinD1 expression, and the
decrease in cell numbers observed in the Chx10-null retina
is due to a change in the balance of CyclinD1 and P27Kip1
(Green et al., 2003). The defect in optic vesicle cell
proliferation in Mab21l2/ mutants is consistent with
the loss of Chx10 expression, although we found no
significant differences in the expression of CyclinD1 and
P27Kip1 (R.Y., unpublished). However, the phenotype of
Mab21l2/ is more severely disordered than that of the
or/or mutant, indicating that other factors that are essential
for retina formation may also depend on Mab21l2.
Mab21l2/ and Pax6-deficient mutants (Sey/Sey)
show similar defects in optic vesicle formation, prompting
us to examine whether these two genes lie in the same
genetic pathway. However, we have previously shown that
normal Mab21l2 expression is maintained in Sey/Sey
mutants (Yamada et al., 2003). Thus, expression of Pax6
is unaffected in Mab21l2/ mutants, suggesting that these
two genes are independently involved in optic vesicle
development. In Lhx2/ mutants, the timing of defects in
optic vesicle is very similar to that in Mab21l2/ mutants,
although Lhx2 expression is not affected in Mab21l2/.
Lhx2 and Pax6 are also expressed independently, because
Lhx2 is expressed in the Sey/Sey optic vesicle and vice versa
(Porter et al., 1997). It is likely that Mab21l2 and Lhx2
might play similar roles in optic vesicle formation, although
Mab21l2 expression in Lhx2/ mutants should be
elucidated.
In addition to defects in the developing retina,
Mab21l2/ mutants lack the lens. Inductive interactions
between the optic vesicle and the surface ectoderm are
essential for lens development (Chow and Lang, 2001). The
Mab21l2/ mutants might fail to exchange inductive
signals between the optic vesicle and the surface ectoderm,
and therefore the absence of the lens may be a secondary
effect.
Role of Mab21l2 in ventral body wall formation
We also found a defect in ventral body wall formation in
Mab21l2/ mutants. Similar body wall defects have been
described for Hoxb2/, Hoxb4/, Pitx2/, and
Tgfb2/Tgfb3/ mutant mice, which show failure of
ventral body wall closure (Dunker and Krieglstein, 2002;
Kitamura et al., 1999; Manley et al., 2001). We attempted to
detect changes in expression of these genes; however, no
such changes were observed (R.Y. and N.T., unpublished).
Moreover, expression of Alx3, Alx4, Cart1, Bmp2, Bmp4,
Bmp7, Msx1, Msx2, and PDGF receptor a, all of which are
expressed in the developing ventral body wall (Hudson et al.,
1998; Orr-Urtreger and Lonai, 1992; Schatteman et al.,
1992; Sudo et al., 2001; Takahashi and Le Douarin, 1990;
ten Berge et al., 1998), did not change significantly (R.Y.
and N.T., unpublished). These results suggest that Mab21l2
and these genes are independently involved in ventral body
wall formation.Several mutant mice appear to suffer cardiac failure or
disturbed liver hematopoiesis, leading to death in utero at
around E11–E14 (Copp, 1995). At this stage, liver-derived
erythrocytes are expected to be plentiful and essential for
survival of embryos (Copp, 1995). In Mab21l2/
mutants, we could not find any histological abnormality in
the heart, whereas the ventral body wall was drastically
affected. Mab21l2 is not expressed in the heart, but is
abundantly expressed in the ventral body wall. Therefore,
abnormal extrusion of abdominal organs, including the liver,
may be the cause of death in Mab21l2/ mutants,
although we cannot yet say this conclusively.
Possible compensation for Mab21l2 loss by Mab21l1
Defects in Mab21l2/ mutants are restricted to the eye
and body wall, although Mab21l2 transcripts were found in
the midbrain, branchial arch, spinal, cord and limb buds.
The restricted phenotypes in Mab21l2/ mice may be due
to compensation by MAB21L1, a protein showing 94%
amino acid similarity with MAB21L2 and that exhibits very
similar expression during development except in the
developing eye anlage and ventral body wall. This relatively
mild phenotype in Mab21l2/ mutants is comparable to
the previously described Mab21l1/ mutant phenotype.
The difference in their expression patterns could explain the
phenotypical differences between Mab21l2/ and
Mab21l1/ mutants; defects in Mab21l1/ mutants
are restricted to the lens and reproductive organs, where
there is unique expression of Mab21l1 (Yamada et al.,
2003). In contrast, defects in Mab21l2/ mutants were
seen in the retina, where the onset of Mab21l2 expression
in the optic vesicle is earlier than Mab21l1 expression,
although both Mab21l2 and Mab21l1 are co-expressed at
later stages. Therefore, it is presumed that Mab21l1 could
not compensate for the absence of Mab21l2 during optic
vesicle formation because the two genes display a tempo-
ral difference in expression. Importantly, similar to
Mab21l1/ mutations, Mab21l2/ mutations result in
failure of tissue growth rather than of differentiation,
raising the possibility that these genes play the same role
in cell proliferation. Further analysis of Mab21l1/Mab21l2
double mutants may provide additional insights into the
distinct and overlapping roles of MAB-21 family members,
and characterization of the biochemical aspects of the
MAB-21 family will help to clarify the molecular
mechanisms of vertebrate development.Acknowledgments
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